To study the antimalarial action of chloroquine, normal mouse erythrocytes were used as surrogates for erythrocytoid bodies. These bodies form in the endosomes of intraerythrocytic malaria parasites as they feed on their host and consist of erythrocyte cytoplasm enclosed in a vestige of the erythrocyte membrane. In suspensions of normal erythrocytes or lysates (equivalent to 5 l of erythrocytes per ml in each case), hemoglobin underwent denaturation when it was incubated at 38°C in 150 mM sodium acetate (pH 5). It is reasonable to assume that the same phenomenon occurs in acidic endosomes. Addition of 100 M chloroquine to the incubation mixture caused the rate of hemoglobin denaturation to double to 40 nanomoles per hour per ml of packed erythrocytes. This effect required the presence of erythrocyte stroma and was inhibited by reducing the temperature to 24°C or increasing the pH to 6. We propose that the primary antimalarial action of chloroquine is to bind to ferriprotoporphyrin IX (FP) and remove it from oxidized hemoglobin, thus producing toxic FP-chloroquine complexes and an excess of denatured globin. Furthermore, we suggest that these substances inhibit endosomal maturation and thereby cause hemoglobin accumulation in immature endosomes and masking of the lipids needed for FP dimerization. The term "masking" is used to signify that unsaturated lipids are present in parasitized erythrocytes but are specifically unavailable to promote FP dimerization.
Chloroquine kills malaria parasites by interfering with ferriprotoporphyrin IX (FP) detoxification and causing it to accumulate to lethal levels (10) . FP is produced when the parasites denature or degrade hemoglobin. It is detoxified by dimerization to ␤-hematin, which is a process that is promoted by unsaturated lipids (10) . Chloroquine treatment interferes with detoxification by causing unsaturated lipids in parasitized erythrocytes to be unavailable for the promotion of FP dimerization (13) . We have previously labeled this phenomenon "masking" and attributed it to an interaction of an unidentified substance with membrane lipids (13) . It is probable that the masking substance is an intrinsic membrane protein and that the parasite hydrolyzes it to unmask the lipids needed to promote FP dimerization. Normal erythrocyte membranes provide an example of lipid masking. They contain lipids capable of promoting FP dimerization; but they do not dimerize FP because the lipids are unavailable to perform this function (12) , although they may be available to serve other functions. When the lipids are separated from the membrane proteins, however, they promote FP dimerization (12) .
Intraerythrocytic malaria parasites live in vacuoles derived from erythrocyte membranes (1, 6, 17, 19, 24) , and the lipids used to promote FP dimerization are probably obtained from these membranes (14, 20) during the feeding process. Malaria parasites feed on the erythrocyte cytoplasm from within their vacuoles. In the process, they also ingest vacuolar membrane. Initially, this membrane lines the inside of young endosomes (22) and creates erythrocytoid bodies, which we define as inclusions of erythrocyte cytoplasm bounded by vestiges of the erythrocyte membrane. As the endosomes mature, they become acidic (7, 15, 26) and the extra membrane disappears (3, 22) . It is well known that chloroquine affects this part of the feeding process by impairing endosomal maturation and causing hemoglobin-laden vesicles with double membranes to accumulate (8, 9, 11, 18, 21, 25, 27) .
We now report that chloroquine accelerates hemoglobin denaturation in erythrocytes under acidic conditions. Based on this new observation and the similarity of erythrocytes and erythrocytoid bodies, we propose that the primary antimalarial action of chloroquine is to bind to and remove FP from oxidized hemoglobin, producing toxic FP-chloroquine complexes and an excess of denatured globin. Impaired endosomal maturation and masking of unsaturated lipids are probably caused by the toxic FP-chloroquine complexes and/or the excess of denatured globin.
MATERIALS AND METHODS
Young male Swiss mice weighing approximately 25 g each were purchased from Harlan-Teklad (Madison, WI), provided a commercial diet and water ad libitum, and handled in accordance with relevant federal guidelines and Saint Louis University policies. To obtain normal erythrocytes, the mice were exsanguinated while they were under ether anesthesia. Then they were killed by cervical dislocation while they were deeply anesthetized. The blood was anticoagulated with heparin (approximately 1 mg per ml) and centrifuged at 860 ϫ g at room temperature for 5 min to sediment the erythrocytes. For some experiments, the blood was passed through a cellulose fiber column to remove leukocytes prior to centrifugation, but this extra step made no difference in the outcome of the experiments and was not done routinely. Whether the erythrocytes were depleted of leukocytes or not, the erythrocytes were washed twice by resuspension in approximately 10 volumes of a standard medium and centrifugation, after which they were resuspended to a hematocrit of approximately 25% in the standard medium. This medium contains 68 mM sodium chloride, 4.8 mM potassium chloride, and 1.2 mM magnesium sulfate and is buffered to pH 7.4 with 50 mM sodium phosphate. To permit the use of packed erythrocyte volume as a reference base, the actual hematocrits of the erythrocyte suspensions were measured by using a microhematocrit centrifuge.
Suspensions of intact erythrocytes, lysates prepared from these suspensions, and the erythrocyte cytoplasm and stroma prepared from the lysates were used in the present experiments. The lysates were prepared by freezing suspensions of intact erythrocytes in liquid nitrogen and thawing. Commonly, the frozen suspensions were stored at Ϫ70°C for several days before they were thawed for an experiment. The erythrocyte cytoplasm and stroma were prepared by centrifuging freshly thawed lysates at 100,000 ϫ g for 1 h at 4°C. After the soluble cytoplasm was removed, the insoluble stroma was reconstituted to the original volume of lysate in 150 mM sodium acetate (pH 5), frozen in liquid nitrogen, and stored at Ϫ70°C until it was thawed for study. The cytoplasm was also frozen in liquid nitrogen and was stored at Ϫ70°C for future use. The length of storage at Ϫ70°C did not affect the outcome of experiments with any of the frozen preparations.
Aliquots of the various preparations were incubated under the conditions described in the legends to the figures to evaluate the effect of chloroquine. At the end of the incubation, the tubes were centrifuged at 3,400 ϫ g for 5 min at room temperature to sediment the denatured hemoglobin, the precipitated FP, and other debris. Then the supernatants were removed and the amount of FP in the pellets was measured.
To measure FP, pellets derived from 50 l of packed erythrocytes were mixed with 1 ml of 150 mM sodium acetate (pH 5), frozen in liquid nitrogen, thawed at room temperature, diluted to 10 ml with 150 mM sodium acetate (pH 5), mixed, and centrifuged at 3,400 ϫ g for 5 min at room temperature to recover the pellets. These pellets were washed three more times by mixing them with 10 ml of 150 mM sodium acetate (pH 5) and centrifugation. This procedure was performed to remove undenatured hemoglobin and other soluble proteins that might be trapped in the pellets.
The washed pellets were suspended in 1 ml of 2.5% sodium dodecyl sulfate in the standard medium; sodium hydroxide was added to achieve a predetermined concentration of 0.25 mM or less, depending on the concentration needed to solubilize the FP; and the mixture was allowed to stand at room temperature for an hour. The absorbance of this solution at 700 nm was then subtracted from the absorbance at 401 nm to correct for turbidity, and the concentration of FP was calculated from the difference by using an extinction coefficient of 90.8 mM Ϫ1 for the absorbance of FP at 401 nm (2) . The FP in these thoroughly washed pellets was considered to represent either the FP still present in denatured hemoglobin or the FP released from denatured hemoglobin. Therefore, four molecules of FP were considered to represent one molecule of denatured hemoglobin.
To determine the background value for denatured hemoglobin, lysate derived from 50 l of packed erythrocytes was added to 10 ml of ice-cold 150 mM sodium acetate (pH 5) and immediately centrifuged at 3,400 ϫ g for 5 min at room temperature. Then, the supernatant was removed and the pellet was mixed with 1 ml of 150 mM sodium acetate (pH 5), frozen in liquid nitrogen, thawed, washed, and used for FP measurement, all as described above. Background values were measured for each set of experiments and were used to make appropriate corrections to the data.
RESULTS
The data presented in Fig. 1 indicate that significant amounts of hemoglobin are denatured when preparations of normal erythrocytes are incubated under room air at body temperature and pH 5. Under these conditions, the erythrocytes lyse within 5 min, the lysates quickly turn brown, and a precipitate forms, as would be expected with the oxidative denaturation of hemoglobin and the release of FP. FP rapidly precipitates out of solution at pH 5.
Although it is not necessary for erythrocytes to be intact for hemoglobin denaturation to occur (Fig. 1) , stroma must be present (Fig. 2) . In the absence of stroma, the erythrocyte cytoplasm did not turn brown or produce a precipitate of FP when it was incubated for an hour at 38°C and pH 5.
Chloroquine greatly increases hemoglobin denaturation in erythrocyte lysates (Fig. 1 to 3) , and this effect is saturable. As   FIG. 1 . Effect of chloroquine on hemoglobin denaturation. Suspensions of intact erythrocytes or lysates, each prepared from 50 l of packed erythrocytes, were diluted to 10 ml with 150 mM sodium acetate (pH 5) and incubated for 1 h at 38°C under room air in the presence or the absence of chloroquine. Shaded bars indicate the presence of 500 M chloroquine. Means Ϯ standard deviations for five experiments are shown. For each preparation, the effect of chloroquine was significant (P Ͻ 0.001, t test). The differences between intact erythrocytes and lysates were not statistically significant. The data are expressed as the nanomoles of denatured hemoglobin minus the background per ml of packed erythrocytes per hour. The background value was 24 Ϯ 13 nanomoles of denatured hemoglobin per ml of packed erythrocytes for this set of experiments.
FIG. 2. Effect of erythrocyte stroma on hemoglobin denaturation.
Aliquots of erythrocyte cytoplasm, each derived from 50 l of packed erythrocytes, and various amounts of erythrocyte stroma were diluted to 10 ml with 150 mM sodium acetate (pH 5) and incubated for 1 h at 38°C under room air. The ordinate shows the nanomoles of denatured hemoglobin minus the background per ml of packed erythrocytes per hour, and the abscissa shows the amounts of stroma derived from various volumes of erythrocytes (expressed in terms of l of packed erythrocytes). Solid symbols indicate the presence of 100 M chloroquine. Means Ϯ standard deviations are shown for four experiments except for zero time in the presence of 100 M chloroquine, when there were only three experiments.
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on November 9, 2017 by guest http://aac.asm.org/ little as 1 M chloroquine has a measurable effect. Saturation is approached with 100 M chloroquine and is reached with 500 M chloroquine (Fig. 3) . These concentrations are large compared to therapeutic extracellular concentrations and raise a concern about the relationship of acceleration of hemoglobin denaturation to the primary antimalarial action of chloroquine. Moderating this concern is the expectation that chloroquine would be extensively concentrated in acidic endosomes of malaria parasites (26) . Removal of the stroma from erythrocyte lysates practically eliminated the effect of chloroquine (Fig. 2) . Although the quantitative effect is striking, the characteristics of hemoglobin denaturation were unaffected by chloroquine ( Fig. 1 to 4) . The conditions used routinely, pH 5 and 38°C, were chosen to simulate the conditions in maturing endosomes of the malaria parasite in vivo (7, 15, 26) ; and they allowed hemoglobin denaturation to proceed. Raising the pH to 6 or above or lowering the temperature to 24°C or below significantly reduced hemoglobin denaturation and nearly eliminated the effect of chloroquine (Fig. 4) . We did not attempt to determine more precisely the pH and temperature optima for hemoglobin denaturation.
The time course of hemoglobin denaturation (Fig. 5) suggests that two processes are involved. For the first few minutes, a fast component is apparent both in the presence and in the absence of chloroquine. This component is completed within 30 min and is followed by a slower component, which is linear between 30 and 90 min. The dashed line in Fig. 5 shows the difference between incubations in the presence and the absence of 100 M chloroquine and, thus, represents the response to chloroquine. It extrapolates approximately through zero, indicating that chloroquine has little or no effect on the putative fast component. By contrast, chloroquine accelerates the slower component to approximately 40 nanomoles of hemoglobin denatured per hour per ml of packed erythrocytes. This rate is twice that observed in the absence of chloroquine (Fig. 5) .
DISCUSSION
Since we observed that normal erythrocytes quickly lyse at pH 5 and 38°C, it is probable that erythrocytoid bodies lyse spontaneously and release erythrocyte stroma and cytoplasm in endosomes as the pH approaches 5. The endosomal pH in malaria parasites has not been measured, but by the time that hemoglobin appears in digestive vacuoles, the pH is approximately 5 (7, 15, 26) . At this pH and in the presence of eryth- rocyte stroma, hemoglobin denaturation and FP release can occur without endosomal intervention ( Fig. 1 to 5 ). It is possible that the proteolysis of hemoglobin also would occur in acidic endosomes of malaria parasites and increase the release of FP. Presumably, membrane lipids in the stroma promote hemoglobin oxidation and denaturation. In support of this possibility, extensive oxidation of purified hemoglobin in the presence of purified lipids has been observed by other investigators (16, 23) . By comparison, the amount of hemoglobin denaturation in our preparations was relatively small. It should be noted, however, that we studied erythrocytes and whole lysates, which would be expected to contain antioxidants and other modulators that would protect hemoglobin from oxidation.
The stroma is also required for chloroquine to accelerate hemoglobin denaturation (Fig. 2) . We interpret this requirement to mean that chloroquine does not initiate hemoglobin denaturation. Instead, it apparently acts only after an initial oxidation step. Since oxidative denaturation of hemoglobin can alter the structure of hemoglobin sufficiently to cause precipitation, it is reasonable to suppose that it also increases the accessibility of chloroquine to FP that is bound to globin. We propose that chloroquine acts as an antimalarial drug primarily by binding with a high affinity to the FP and removing it from globin. In this way, toxic FP-chloroquine complexes and an excess of denatured globin could be produced in endosomes. Since FP-chloroquine complexes have membrane toxicity (5), we suggest that they inhibit endosomal maturation, which ultimately would result in a reduction in hemoglobin degradation and cause the formation of hemoglobin-laden vesicles with double membranes.
With regard to the masking of lipids, we have reported previously that unsaturated lipids in erythrocyte membranes, although they are capable of promoting FP dimerization when they are separated from protein, normally are masked and are unavailable for the promotion of FP dimerization (12) . It is possible, therefore, that unsaturated lipids in the membranes of erythrocytoid bodies, which are derived from erythrocyte membranes, remain masked until the membranes are degraded. If so, inhibition of endosomal maturation due to the toxicity of FP-chloroquine complexes could allow unsaturated lipids to remain masked and unavailable to promote FP dimerization yet leave them available to promote hemoglobin oxidation and to serve other functions. As an alternative possibility, denatured globin may bind to unsaturated lipids, mask them, and inhibit endosomal maturation. In support of the latter possibility, heat denaturation of lysates of parasitized erythrocytes inhibits FP dimerization (4) . Further work is needed to determine the merits of these two possible ways to explain chloroquine-induced masking of the unsaturated lipids needed for FP dimerization. 
